Heatline visualization technique is used to understand heat transport path in an inclined non-uniformly heated enclosure filled with water based CuO nanofluid. The cavity has square cross-section and it is nonuniformly heated from a wall and cooled from opposite wall while other walls are adiabatic. The governing equations which are continuity, momentum and energy equations are solved using finite volume method. The dimensionless heatfunction for nanofluid heat flow is defined and solved to determine heatline patterns. Calculations were performed for Rayleigh numbers of 10 3 , 10 4 and 10
Introduction
Control of heat transfer in many energy systems is crucial due to the increase in energy prices. In recent years, nanofluids technology is proposed and studied by some researchers experimentally or numerically to control heat transfer in a process. The nanofluid can be applied to engineering problems, such as heat exchangers, cooling of electronic equipments and chemical processes. These applications and solution methods are reviewed by Kakac and Pramuanjaroenkij [1] , Daungthongsuk and Wongwises [2] , Trisaksri and Wongwises [3] , Wang and Mujumdar [4] , Putra et al. [5] , Saidur et al. [6] and Lee et al. [7] .
Natural convection heat transfer occurs in enclosures due to temperature difference and buoyancy forces. The problem was analyzed for enclosures filled with clear fluid [8] or nanofluid [9] and for the cases of constant temperature or constant heat flux. In recent years, effects of non-isothermal boundary conditions on natural convection in enclosure were analyzed by researchers due to its applications in solar systems or furnaces. In this context, Bilgen and Ben [10] performed study on the effects of non-isothermal boundary condition on natural convection for a rectangular cavity. In their study, two cases were considered: in the first case, the lower part was heated while the upper part was cooled. In the second case, the upper part of cavity was heated while the lower part was cooled. Natarajan et al. [11] conducted a study using a penalty finite element analysis with bi-quadratic elements to investigate the effects of uniform and non-uniform heating of bottom wall on natural convection flows in a trapezoidal cavity. Moreover, two-dimensional laminar natural convection in enclosures with three flat and one wavy wall, one of which was exposed to sinusoidal temperature profile, was studied by Dalal and Das [12] . Basak et al. [13] solved the governing equations using the finite element method to study the effects of thermal boundary condition in square enclosures. They numerically tested the effects of Prandtl number and observed that the non-uniform heating of the bottom wall produced greater heat transfer rates at the center of the bottom wall than the uniform heating case for the whole range of Rayleigh numbers. However, average Nusselt numbers showed lower heat transfer rates for the non-uniform heating. Varol et al. [14] investigated the effects of sinusoidally varying temperature on natural convection in a rectangular enclosures filled with porous media, numerically. Sarris et al. [15] numerically studied the natural convection in a square cavity with non-isothermal temperature gradient on top wall. The problem of non-isothermal boundary conditions was extended to nanofluid by Oztop et al. [16] . In their case, comparison of Al 2 O 3 and TiO 2 nanoparticle was performed from heat transfer enhancement point of view.
The heatline visualization technique is a useful tool to observe heat transfer path in a heat transfer domain. The technique was first proposed by Kimura and Bejan [17] to visualize heat transport for convective heat transfer. A detailed review on the application of heatline visualization method was presented by Costa [18] . Hakyemez et al. [19] used heatline visualization technique to show the path of heat transfer in a cavity. In their geometry, a thermal barrier was used in the ceiling wall. Varol et al. [20] made a numerical work to visualize heat transfer in a non-isothermally heated triangular cavity filled with porous media. They observed that the nonisothermal wall changes the heat transport way. Basak et al. [21] studied the natural convection in porous trapezoidal enclosures for uniformly or non-uniformly heated bottom wall by presenting, streamlines, isotherms and heatlines. They observed that heatlines are affected with Darcy number.
The main objective of the present study is to analyze heat and fluid flow in an inclined non-uniformly heated enclosure filled with CuO nanofluids. The effects of nanoparticle fraction and inclination angle on heat transfer through the enclosure are investigated. Isotherms, streamlines and heatlines are plotted for enclosures with different Rayleigh numbers, nanoparticle fractions and inclination angles to discuss the changes of average Nusselt number. Moreover, the distributions of local Nusselt number along the hot and cold walls are presented to support the discussions. The variations of average Nusselt number with Rayleigh number, nanoparticle fraction and inclination angle are presented via tables. Based on performed literature survey, this is the first study on application of heatfunction on heat transfer in a nanoparticle fluid flow. Heatfunction for a flow field containing mixture of nanoparticles and pure fluid is defined and applied successfully.
Problem definition
The considered enclosure is illustrated in Fig. 1 . It is a square enclosure whose height and width are identical while inclination angle / varies from 0°to 90°. The left side of enclosure is heated linearly and the right vertical wall is kept at constant temperature when / = 0°. The minimum temperature of the heated wall is at the top of wall and it is identical with cold wall temperature shown by T c . The maximum temperature of the hot wall is at the bottom of wall represented by T h . The horizontal walls are adiabatic and gravity acts in vertical direction. The cavity is filled with water based CuO nanofluid.
Governing equations
Two dimensional, laminar, steady flow of incompressible fluid is assumed in this work. The governing equations are written in vorticity-streamfunction mode as Vorticity 
and k nf is the effective thermal conductivity of the nanofluid which can be approximated for spherical nanoparticles by the MaxwellGarnetts model as
For a nanofluid with a specified nanoparticle volume fraction u, the values of (qc p ) nf and k nf are assumed to be constant. This model is found to be appropriate for studying heat transfer enhancement using nanofluids [24, 22, 25] . The viscosity of the nanofluid l nf can be approximated as viscosity of a base fluid l f containing dilute suspension of fine spherical particles and it is has been given by Brinkman [26] .
The following dimensionless variables are introduced to obtain the dimensionless form of the governing equations:
Thus, Eqs. (1)- (3) can be written in dimensionless form as
o ox
where the dimensionless streamfunction W is defined as U = oW/oY and V ¼ ÀoW=oX, Pr is the Prandtl number, Ra is the Rayleigh number and k is a constant, which are defined as
The dimensionless boundary conditions based on / = 0°are written as:
-on the left wall
-on the top and bottom walls :
oh oy ¼ 0
Heat function
For a two dimensional steady and incompressible nanofluid flow without heat generation, the components J x and J y of the heat flux vector J, containing the diffusion and convection transport, in the x and y directions can be written as
The value of the total heat flux vector J is the vectorial sum of the two heat flux components;
where the vectors i and j represent Cartesian unit vectors. The application of energy conservation law on a finite volume in the nanofluid flow field by using Eq. (13) yields the energy equation for the nano fluid flow:
By defining p as a continuous scalar function, whose the first and second derivatives are also continuous, the dimensional heatfunction can be written in a differential form [17] ;
By substituting of Eq. (16) into Eq. (13), taking derivatives with respect to y 0 and x 0 , and subtracting the resulting equations from each other, the following elliptic partial differential equation for the heatfunction is obtained
The convection term which appears on the right side of Eq. (17) acts as a source term. It should be mentioned that the defined heatfuncton p includes both the diffusion and convection modes of heat transfer. The solution of Eq. (17) yields the values of the dimensional heatfunction for the all nodes of a computational domain and contour plots of the heatfunction values provides dimensional heatline patterns. By employing the dimensionless parameters presented by Eq. (7), the dimensionless heatfunction can be written as:
where P is the dimensionless heatfunction as
By performing the mathematical manipulations similar to the procedure for obtaining Eq. (17) The boundary conditions for dimensionless heatfunction equation (20) are obtained from the integration of Eq. (18) along the considered boundary. For instance, the following equation can be used to determine the values of heatfunction at the left wall of the cavity with / = 0° [19] x ¼ 0; 0 < y 6 1 : Pð0; yÞ ¼ Pð0; 0Þ À
The derivative of the dimensionless temperature at a wall with respect to its normal direction is defined as local Nusselt number, hence, Eq. (21) can also be written in the following form
Analysis of heat transfer
After solving vorticity, energy and streamfunction equations, and obtaining W, X and h distributions in the enclosure, indicators
for dimensionless heat transfer rate should be obtained. The local Nusselt number can be expressed as:
The local heat transfer coefficient h y is expressed as
where T h is maximum temperature of the hot wall and T c is the cold wall temperature. On the other hand, the thermal conductivity for a nanofluid is defined as
By substituting Eqs. (25) and (24) into Eq. (23), and using the dimensionless quantities (7), the local Nusselt numbers on the hot and cold walls (Nu c and Nu h ) for a cavity with / = 0°are written as
The average Nusselt number Nu avg is defined as:
For convenience, a normalized average Nusselt number Nu avg is defined as the ratio of average Nusselt number in enclosure having nanoparticles to that of pure water that is The use of normalized average Nusselt number Nu avg ð/; uÞ gives more insight on the heat transfer enhancement on the heated or cooled wall. The normalized average Nusselt number is used as an indicator of heat transfer enhancement since an increase in Nusselt number corresponds to an enhancement in heat transfer.
Numerical details
Eqs. (8)- (10) with corresponding boundary conditions given in Eq. (12) are solved using the finite volume approach [27, 28] . The diffusion term in the vorticity and energy equations is approximated by a second-order central difference scheme which gives a stable solution. Furthermore, a second order upwind differencing scheme is adopted for the convective terms. The resulted algebraic equations are solved using successive over/under relaxation method. Successive under relaxation is used due to the non-linear nature of the governing equations especially for the vorticity equation at high Rayleigh numbers. The convergence criterion is defined by the following expression [29] :
where e is the tolerance; M and N are the number of grid points in the x and y directions, respectively [30] . An accurate representation of vorticity at the surface is the most critical step in the streamfunction-vorticity formulation. A second order accurate formula is used for the vorticity boundary condition. For example, the vorticity at the bottom wall is expressed as [9] :
where W i;2 and W i;1 are two neighboring nodes in y direction. 1/3rd
Simpson's rule of integration is implemented to take integral of local Nusselt and obtain the average Nusselt number.
Results and discussion
Visualization of heat transport using heatline technique is presented in this study for non-isothermally heated square inclined enclosure filled with water/CuO nanofluid. The governing parameters are Rayleigh number, nanofluid fraction ratio and inclination angle of enclosure. Results are presented by streamlines, isotherms, heatlines, local and average Nusselt numbers, normalized Nusselt number and velocity profiles. The isotherm patterns for two nanoparticle volume fractions are similar to each others. The isotherm lines at the right region of the enclosure are parallel to the cold wall while isotherms cross the left wall. The heat transfer between cold and hot regions of the enclosure cannot be well understood by using isotherm patterns. That is why the heatline patterns of the enclosure are plotted and presented at the third column of the Fig. 3 . As is seen from the heatline patterns, for the enclosure with nanoparticle fractions, heat transfer region in the enclosure can be divided into three regions. The first heat transfer region is on the left side of the cavity and it is shown by dark gray. As seen from heatline pattern in this region, heat is transferred from middle part of the hot wall to the top region of the same wall due to non-uniform wall temperature. The second heat transfer region is shown by light gray color. In this region, heat is transferred from hot to the cold wall. As seen from the heatline patterns, heat received by the cold wall is transferred from the bottom of the hot wall. The third heat transfer region is not colored and it is white. In this region, heat is rotated in closed cells without having any function on heat transfer between walls. for the cavity with u = 0.08. The increase of P max À P min by increase of u shows that heat transfer in the cavity is enhanced by adding of nanoparticle fraction. Fig. 4 shows the streamlines, isotherms and heatlines for u = 0.1 and / = 60°when Ra = 10 3 and 10 4 . The rotation of the cavity with / = 60°on the counterclockwise causes the closed cell on the right top region of cavity becomes stronger and wider. For the enclosure with Ra = 10 3 ( Fig. 4(a) ) flow is not too strong in the enclosure since Rayleigh number is relatively small. Heat conduction is dominant mode of heat transfer in the cavity since no distortion is seen in isotherms. The domination of conduction heat transfer can also be observed from the heatline patterns since no passive area exists. The area of cavity can be divided into two parts from heat transfer point of view. The first part is the area in which heat is transferred from the hot to the cold wall. However, in the second part, heat is transferred from the middle to the top of the hot wall due to nonuniform wall temperature. This region is colored by dark gray.
The increase of the Rayleigh number changes the heat and fluid flow patterns. As seen from The variation of local Nusselt number along the hot wall for different volume fractions as Ra = 10 3 , 10 4 and 10 5 are shown in Fig. 7 when / = 0°. As seen from Fig. 7(a) , the maximum local Nusselt number is at the bottom of hot wall having maximum temperature of the enclosure. By decreasing of temperature along the hot wall, the local Nusselt number also decreases and after a point, the local Nusselt number receives negative values refers to the reverse heat transfer (i.e., heat transfer from fluid to the wall). The minimum Nusselt number is observed at the top of the hot wall showing maximum heat transfer from the fluid to the hot wall. The increase of the nanoparticle volume fraction does not change this trend; however local Nusselt number slightly increases with increase of nanoparticle volume fraction, particularly at the top region of hot wall. The same trend is observed in Fig. 7 of nanoparticle volume fraction enhances heat transfer at the bottom of the cold wall more than top region. This might be due to enhance of conduction mode of heat transfer in the bottom region of the enclosure. Fig. 9 clearly shows that the increase of nanoparticle volume fraction increases heat transfer in the enclosure and the maximum enhancement of heat transfer is observed for u = 0.1.
The effect of Rayleigh number and nanoparticle volume fraction on average Nusselt number of the enclosures with / = 0°are shown in Table 1 . The average Nusselt number increases with increase of Rayleigh number since the convective heat transfer is enhanced. Moreover, the increase of the nanoparticle volume fraction improves heat transfer in the enclosure and consequently average Nusselt number increases. The rate of increase of average Nusselt number with nanoparticle volume fraction may be understood better from Table 2 for an enclosure with Ra = 10 3 by adding CuO nanoparticle attains to 30%. , the increase of inclination angle from and / = 30°to 60°reduces average Nusselt number. For the same enclosures, the increase of inclination angles from / = 60°to 90°improves heat transfer. Hence, for the considered enclosure with Ra = 10 4 and 10 5 and the ranges of / and u studied in the present paper, the minimum heat transfer in the cavity is observed for the enclosures with / = 60°and u = 0 (classical fluids).
Conclusions
Heatline visualization technique is used to visualize the heat transport in a non-isothermally heated square inclined enclosure filled with water based CuO nanofluid. Some concluding remarks can be drawn from the present study as follows:
(a) The heat transfer in the cavity increases by adding nanoparticles, however the rate of increase is greater for the enclosures with low Rayleigh number in which conduction heat transfer is more dominant. Table 3 Average Nusselt number Nu avg for different inclination angles / at different nanoparticle volume fraction u. 
